Soil type, microsite, and herbivory influence growth and survival of Schinus molle (Peruvian pepper tree) invading semi-arid African savanna by Iponga, Donald M. et al.
ORIGINAL PAPER
Soil type, microsite, and herbivory influence growth
and survival of Schinus molle (Peruvian pepper tree)
invading semi-arid African savanna
Donald M. Iponga Æ Suzanne J. Milton Æ
David M. Richardson
Received: 29 January 2008 / Accepted: 12 February 2008 / Published online: 29 February 2008
 Springer Science+Business Media B.V. 2008
Abstract Naturalization of Schinus molle (Anacar-
diaceae) has been observed in semi arid savanna of
the Northern Cape Province of South Africa. How-
ever, with high dispersal ability, the species is
expected to achieve greater densities and invade
more widely. The study involved a field manipulation
experiment over 14 months using a factorial block
design to examine transplanted seedlings in different
savanna environments. The experiments examine the
effects of soil type (sandy and clay), microsite, and
herbivores on seedling performance (establishment,
growth and survival). Seedlings were grown in a
greenhouse and individually transplanted into four
treatment groups: in open grassland, under tree
canopies, and with and without cages to exclude
large herbivores (cattle and game). The same exper-
iment was repeated in two different soil types: coarse
sand and fine-textured clay soil. Results suggest that
protection provided by canopies of large indigenous
Acacia trees facilitates S. molle invasion into semi-
arid savanna. In the field, S. molle seedlings per-
formed considerably better beneath canopies of
indigenous Acacia trees than in open areas regardless
of soil type. Whether exposed or protected from large
herbivores, no seedlings planted in open grassland
survived the first winter. Although, seedlings grew
better and had higher survival rates beneath tree
canopies than in the open sites, exposure to large
herbivores significantly decreased heights and canopy
areas of seedlings compared with those protected
from large herbivores. The effect was greater on clay
soil than on sandy soil. The results suggest that low
temperature (frost), and possibly inter-specific com-
petition with grasses, may limit S. molle seedling
establishment, survival and growth away from tree
canopies in semi arid savannas. Low soil nutrient
status and browsing may also delay growth and
development of this species. The invasive potential of
S. molle is thus greatest on fertile soils where sub-
canopy microsites are present and browsing mam-
mals are absent.
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Introduction
Variation in the success of particular introduced plant
species can be caused by numerous environmental
features, including substrate type and climatic fac-
tors. Harsh climatic conditions such as frost or
drought can prevent the establishment of seedlings
of species from milder climates. On the other hand,
unusual weather events, such as above-average
rainfall, may trigger establishment and facilitate
naturalization or invasion (Richardson et al. 2000).
Success is also mediated by various biotic inter-
actions. The availability of dispersal agents to move
viable seeds to suitable microsites (Jordano and
Herrera 1995; Dean and Milton 2000), the absence of
superior competitors for a limiting resource (Canham
1989; Iponga et al. 2007), and limitation of damage
by pathogens and predators (Hoffmann and Moran
1998) may all increase the probability of invasion or
determine the spatial distribution of an invasive plant
population in the landscape (Russell and Schupp
1998). One of the most important mechanisms for
facilitating plant establishment in semi-arid environ-
ments is the amelioration of stressful micro-climatic
conditions (Callaway 1995). In savannas, microsites
beneath tree canopies are among the most favourable
for the establishment of seedlings of certain trees and
shrubs (Verdú and Garcia-Fayos 1996; Flores and
Enrique 2003). One reason for this is that variations
in ambient temperatures are buffered and relative
humidity is greater in these microsites (Belsky et al.
1989; Belsky 1994). Few studies have documented
facilitation of alien trees by native trees, but Milton
et al. (2007) show that such facilitation can act as a
potent mediator of invasion success.
Schinus molle (Anacardiaceae) is an evergreen,
drought-tolerant tree native to semi-arid parts of
South America. Since the 1800s it was widely planted
on roadsides, in graveyards, and in gardens in South
Africa as a shade tree. It has recently become
naturalized at some sites in semi-arid savanna
(Iponga et al. 2008). It is already considered a major
invader in South Africa (Nel et al. 2004), but has the
potential to expand its range considerably (Rouget
et al. 2004). The species is dioecious and flowers and
fruits continuously throughout the year. Female trees
produce large crops of small bright pink berries in
bunches on pendulous stems, and the seeds are
dispersed by birds, mammals, and water (Silva et al.
2005). Where naturalized in South Africa, seedlings
occur mainly beneath indigenous Acacia trees where
seeds of S. molle and other fleshy-fruited plants are
dispersed by birds (Milton et al. 2007). Such sites are
also used preferentially by large herbivores seeking
shade. Therefore this study specifically investigates
the ways in which the following factors, individually
and in concert, potentially influence establishment,
growth and survival of S. molle seedlings in semi-arid
savanna: soil type; facilitation by large Acacia tree
canopies; and herbivory by large mammals. We then
consider the implications of those patterns for the
prediction of the invasion potential of this species in
semi-arid savanna of South Africa.
Methods
Study sites
The study was carried out at Benfontein Game Farm
(28500 S; 24500 E), an 11,300 ha property owned
by De Beers Consolidated Mines and located approx-
imately 8 km south-east of town of Kimberley in
South Africa’s Northern Cape Province. The mean
annual rainfall for Kimberley is 431 ± 127 mm and
usually peaks in the late summer months (March and
April). Precipitation is usually in the form of late
afternoon thundershowers. Mean daily temperature
maxima and minima range between 33C and 18C in
January, and 19 and 3C in July (South African
Weather Bureau 2007), and the altitude is about
1,200 m above sea level.
The vegetation in the area is Kimberley Thorn-
veld, a component of the Eastern Kalahari bushveld
bioregion (Mucina et al. 2006), and consists of semi-
arid open savanna. Much of the farm is covered by
open grassland with dwarf ‘‘karroid’’ shrubland
surrounding a large but ephemeral pan (temporary
water body). Soils at Benfontein can be divided into
three types. In the north-west the substrate of the pan
substrate comprises calcium carbonate (calcrete).
Away from the pan to the south-east a belt of red
Kalahari sand overlies the calcareous tufa. Igneous
intrusions (dolerite hills) along the southern and
south-western boundaries, give rise to fine-textured
soil in this section of the farm (Spottiswoode 2005).
Cattle (Bos indica) stocked at approximately 18 ha/
LAU (1 LAU or Large Animal Unit is equivalent to
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one head of cattle weighing 450 kg) are confined to
open woodland dominated by Acacia erioloba on the
sandy soils at Benfontein. The remaining 8,300 ha of
Benfontein, including the pan and the Acacia tortilis
dominated savanna on finer-textured soils is managed
as a game farm. Indigenous animals are stocked at
approximately 15 ha/LAU and include springbok,
Antidorcas marsupialis (ca 2,134 individuals); bles-
bok, Damaliscus dorcas phillipsi (115), black
wildebeest, Cannochaetus gnou (253) and ostrich,
Struthio camelus (259). Smaller antelope including
steenbok, Raphicerus campestris, common duiker,
Sylvicapra grimmia, and the mountain reedbuck,
Redunca fulvorufula also occur at low densities
throughout the area.
Method description and sampling
Experimental design
Seedlings of S. molle were germinated in a greenhouse
at Stellenbosch University. Geminated seedlings were
transplanted into 1,000 ml plastic bags and maintained
at ambient temperatures with daily watering until they
reached a height 10–15 cm. Two hundred of these
seedlings were then transported to Kimberley in
March 2006 for use in transplanting experiments.
A total of 120 S. molle seedlings were transplanted
to the savanna, 60 on sandy soil, and 60 on fine soil
(Table 1). As the soil types were 20 km apart on
opposite sides of the pan, the soil-type treatments
could not be interspersed. Within each of the soil
types, a factorial bock design was used to examine
effects of microsite and herbivory on seedling
performance. Ten spreading Acacia erioloba trees
were selected as host plants on Kalahari sand and 10
Acacia tortilis trees were selected as hosts on fine-
textured soil. Beneath each of these host trees, three
S. molle seedlings were planted (approximately 2 m
to the south, east and west of the host tree trunk).
Plantings of three S. molle seedlings were made in
open grassland beyond the canopies of each of the 20
host trees. Individual cages were placed around 60
seedlings to protect them from large browsing
herbivores (15 each in open and subcanopy sites on
sand and fine-textured soil).
Statistical analysis
Seedlings were monitored monthly for 14 months for
growth and survival, starting the first month after
transplanting (March 2005) until the end of the
experiment in April 2007. The following measure-
ments were recorded monthly for each seedling:
height, canopy diameter, change in basal area (based
on stem diameters measured with vernier calipers),
and the number of branches.
The canopy area was calculated using the following
formula for an ellipse (Bronstein and Semendjajew
1991): Cover = (Pi/4) .canopy1 .canopy2 (1), where
canopy1 and canopy2 are two perpendicular diameters
of the plant as seen from above.
The experiment included time as an independent
variable. Repeated measure analysis of variance
(ANOVA) was used to test the main factors (soil
type, microsite, herbivory) and their interactions on
measured plant parameters (height, canopy area,
change in stem basal area and number of branches)
over time period after testing for normality and
homogeneity of the data. ANOVA models significant
at 0.05 were used and significantly different treatment
means were separated using a Scheffé post-hoc test in
Statistica (Statistica 6.1, StatSoft, Inc. 2003). For this
paper only the results of heights and canopy areas
were considered. The survival of all transplanted
seedlings was calculated as the mean number of
surviving seedlings per treatment. Seedlings that
survived at each recording stage were expressed as
a total of the original seedling population planted.
A generalized non-linear model, with a log link
function to a Poisson distribution was used to test for
differences in number of seedlings that survived
Table 1 Allocation of Schinus molle seedlings to treatments
Treatments Sandy soil Fine-textured soil
Host tree Acacia erioloba Acacia tortilis
Browser Cattle Mixed game
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compared to dead seedlings between treatments
(Herbivory and Microsite) for each soil type, since
we used count data (Statistica 6.1, StatSoft, Inc.
2003). A survival analysis was done comparing two
or more groups in the generalized non linear model
module of Statistica, to compare cumulative propor-
tion of seedlings that survived over time.
Results
Seedling height and canopy cover
At the end of 14 months, the heights of seedlings were
significantly greater in the clay soil than the sandy soil
(Table 1). Schinus molle seedlings grew significantly
taller (Table 1) and had larger canopy areas (Table 2)
beneath tree canopies compared to open areas.
Position beneath tree canopies had a greater positive
effect on the performance of seedlings than other
factors. Canopy areas of seedlings, however, did not
differ between the two soil types (Table 1).
A significant interaction effect was found between
soil types and browsing, but only for seedling height
(Table 1). However, height and canopy areas were
more negatively affected by large herbivores for
seedlings in the shade than those in the open
(Tables 3, 4 and Fig. 1). Seedlings in cages were
significantly taller and wider than uncaged seedlings
but for shaded plants only; no difference was found
for caged and uncaged seedlings for plants in the
open areas (Fig. 1). The results also indicated the
same trend over time for all the interactions. A
sudden decline in seedling heights and canopy areas
was observed during winter (July–September) for
seedlings in the open areas, whether exposed or
protected from large herbivores and for both soil
types. There was also a greater recovery of canopy
areas, in summer (October–January) for unbrowsed
seedlings in the shade, compared with those in the
open areas for both soil types (Fig. 1).
Seedling survival
The total mortality of seedlings after 14 months of
experiment showed considerable variation across
treatments for both soil types. Seedling survival (i.e.
mean seedling survival at the end of the experiment)
was significantly higher for seedlings beneath tree
Table 2 Results of repeated measure analysis of variance (ANOVA) of Schinus molle heights, and their different interaction effect
between soil type, microsite, herbivory and time on transplanted seedling






(1) Soil type 43,039 1 43,039 22.556 \0.001 **
(2) Microsite effect 271,875 1 271,875 142.485 \0.001 **
(3) Herbivory effect 34,683 1 34,683 18.176 \0.001 **
Soil type 9 microsite effect 1,732 1 1,732 0.907 0.342 NS
Soil type 9 herbivory effect 8,367 1 8,367 4.385 0.038 *
Microsite effect 9 herbivory effect 27,944 1 27,944 14.645 \0.001 **
Soil type 9 microsite 9 herbivory effect 10,369 1 10,369 5.434 0.021 *
(4) Months 235,749 13 18,135 132.728 \0.001 **
Months 9 Soil type 12,146 13 934 6.838 \0.001 **
Months 9 microsite effect 129,919 13 9,994 73.144 \0.001 **
Months 9 herbivory effect 8,906 13 685 5.014 \0.001 **
Months 9 Soil type 9 microsite effect 7,720 13 594 4.346 \0.001 **
Months 9 Soil type 9 herbivory effect 5,039 13 388 2.837 \0.001 **
Months 9 microsite effect 9 herbivory
effect
8,400 13 646 4.729 \0.001 **
4 9 1 9 2 9 3 2,740 13 211 1.542 0.095 NS
Significance: NS = Non significant; * P \ 0.05; ** P \ 0.0001, with SS = Sum of square; MS = Mean square; Df = Degrees of
freedom
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canopies than for those in the open areas, on both soil
types (Tables 5, 6 and Fig. 2). There were significant
differences in survival of seedlings in subcanopy and
open sites. Soil type and herbivory had no significant
influence on survival (Table 6 and Fig. 2). At the end
of the experiment, all of the seedlings in the open
area, whether exposed to or protected from large
herbivores, had died and only seedlings beneath tree
canopies remained alive. In contrast, beneath tree
canopies, survival of seedlings protected from large
herbivores was greater than for seedlings exposed to
large herbivores on both soil types, but significant
only for seedlings on the clay soil (Tables 5 and 6).
Although seedling mortality in the sandy soil
began later than in fine soil, mortality was also faster
in the sandy soil than in the clay soil where seedling
numbers declined more gradually (Fig. 2a). Mortality
occurred more quickly for seedlings in the open area,
whether exposed to or protected from large herbi-
vores, than for seedlings beneath tree canopies
(Figs. 1, 2b). The results also show that seedling
mortality in the open areas started in winter with a
fast decrease until the end of the experiment when the
all seedlings were dead; in contrast, below tree
canopies mortality was low and gradual (Fig. 2b;
Table 7).
Table 3 Results of repeated measure analysis of variance (ANOVA) of Schinus molle canopy areas, and their different interaction
effect between soil type, microsite, herbivory and time on transplanted seedling






(1) Soil type 199,852 1 199,852 0.8877 0.348 NS
(2) Microsite effect 19,529,103 1 19,529,103 86.7464 \0.001 **
(3) Herbivory effect 2,718,405 1 2,718,405 12.0749 \0.001 **
Soil type 9 microsite effect 675,016 1 675,016 2.9984 0.086 NS
Soil type 9 herbivory effect 111,693 1 111,693 0.4961 0.482 NS
Microsite effect 9 herbivory effect 2,582,989 1 2,582,989 11.4734 \0.001 **
Soil type 9 microsite effect 9 herbivory effect 152,492 1 152,492 0.6774 0.412 NS
(4) Months 22,852,970 13 1,757,921 59.4109 \0.001 **
Months 9 soil type 4,864,857 13 374,220 12.6472 \0.001 **
Months 9 microsite effect 18,172,969 13 1,397,921 47.2443 \0.001 **
Months 9 herbivory effect 2,774,805 13 213,447 7.2137 \0.001 **
Months 9 soil type 9 microsite effect 1,445,395 13 111,184 3.7576 \0.001 **
Months 9 soil type 9 herbivory effect 1,183,377 13 91,029 3.0764 \0.001 **
Months 9 microsite effect 9 herbivory effect 1,875,614 13 144,278 4.8760 \0.001 **
4 9 1 9 2 9 3 972,349 13 74,796 2.5278 \0.001 **
Significance: NS = Non significant; * P \ 0.05; ** P \ 0.0001, with SS = Sum of square; MS = Mean square; Df = Degrees of
freedom
Table 4 Mean heights (±SE) and mean canopy areas (±SE) of surviving seedlings of Schinus molle after 14 months protected from
large herbivores in sub-canopy microsites and in the open grassland
Variables/treatments Soil
types
Sub-canopy microsite + No herbivory
(Mean ± SE)




Heights (cm) Clay 65.52 ± 3.01 (15) 24.93 ± 3.01 (15) \0.001
Canopy areas (cm2) Clay 434.68 ± 32.74 (15) 161.66 ± 32.74 (15) \0.001
Heights (cm) Sandy 43.94 ± 3.01 (15) 17.34 ± 3.01 (15) \0.001
Canopy areas (cm2) Sandy 417.59 ± 32.74 (15) 102.50 ± 32.74 (15) \0.001
P-values obtained through Scheffé post-hoc tests




The results clearly indicate that sub-canopy micro-
site, protection of seedlings from large herbivores and
fine-texture soil; together improve S. molle seedling
performance in semi arid savanna. However, canopy
cover of large Acacia trees seems to be the most
important factor determining the survival of S. molle
seedlings despite the fact that the species is known to


































































































































































: A M J J A S O N D J F M A
Sub-canopy microsite
Fig. 1 Interaction effect of months, shading and soil type on
mean heights and mean canopy areas of Schinus molle. Solid
line = protected from large herbivory, and dotted line =
exposed to herbivory. The graph (a) heights for clay soil,
(b) heights for sandy soil, (c) canopy areas for clay soil and (d)
canopy areas for sandy soil. Vertical bars show standard
deviations from the mean
Table 5 Mean heights (±SE) and mean canopy areas (±SE) of surviving seedlings of Schinus molle after 14 months exposed to or
protected from large herbivores in sub-canopy microsites
Variables/treatments Soil types Herbivory + sub-canopy
microsite (Mean ± SE)
No herbivory + sub-canopy microsite (Mean ± SE) P-values
Heights (cm) Clay 38.85 ± 3.01 (15) 65.52 ± 3.01 (15) \0.001
Canopy areas (cm2) Clay 240.45 ± 32.74 (15) 434.68 ± 32.74 (15) \0.001
Heights (cm) Sandy 36.12 ± 3.01 (15) 43.94 ± 3.01 (15) 0.263
Canopy areas (cm2) Sandy 294.09 ± 32.74 (15) 417.59 ± 32.74 (15) 0.144
P-values obtained through Scheffé post-hoc tests
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results showed that S. molle seedlings grew better in
the subcanopy sites than in the open grassland and
suggested that those facilitation processes occur
across both clay and sandy soil. The good perfor-
mance of seedlings underneath of tree canopies could
be associated with the microclimate condition created
by the canopy underneath of Acacia trees, which
often act as a nurse plant for fleshy-fruited shrubs in
semi arid savannas (Milton et al. 2007).
Tree and shrub canopies buffer temperature changes
beneath them, so that the difference between minimum
and maximum temperatures is less below tree canopies
than in open grassland (Belsky et al. 1989). During
winter, the minimum temperatures remain higher
below tree and shrub canopies than in the open (Davies
et al. 2007; Drezner 2007). Seedlings in the open areas
Table 6 Log link function to a Poisson distribution of the
mean (±SE) number of seedlings of Schinus molle that sur-
vived at 14 months for different treatment interactions










Clay Open area No herbivory 0 (15)
Clay Open area Herbivory 0 (15)
Clay Sub-canopy No herbivory 0.73 ± 0.12 (15)
Clay Sub-canopy Herbivory 0.47 ± 0.13 (15)
Sandy Open area No herbivory 0 (15)
Sandy Open area Herbivory 0 (15)
Sandy Sub-canopy No herbivory 0.60 ± 0.13 (15)
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Fig. 2 Cumulative proportion of Schinus molle seedling that
survival over time. The graphs show: (a) clay soil vs. sandy
soil; (b) open grassland vs. sub-canopy microsite; (c) protected
from large herbivory vs. exposed to large herbivory. The cross
(+) proportion of seedling that survived and, (0) no seedling
survived
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may experience more frequent and more severe frosts
than their counterparts beneath tree canopies (Shum-
way 2000). In summer the shading effects of the
canopy might decrease light penetration, reduce of
solar radiation and lower soil surface temperature,
thereby reducing desiccation and increasing higher
relative humidity, which potentially can enhance S.
molle seedling establishment and growth (Belsky
1994; Scholes and Archer 1997). This is also consistent
with argument that light reduction below pioneer trees
could be responsible for the unusually high success of
tree seedlings that have been observed to recruit near
established trees in the grasslands (Scholes and Archer
1997; Weltzin and McPherson 1999; Van Auken 2000;
Teague et al. 2001).
Although most seedling shoot dieback began
during the winter, suggesting that extreme cold or
frost may be implicated in the mortality of S. molle
seedlings in open sites, further experiments are
required to discriminate between the effects of
temperature amelioration, and of reduced radiation
or transpiration rates, on seedling survival.
It is also possible that competition from grass may
be the cause of sudden decline of seedling perfor-
mance in the open areas. Studies in old field
grasslands have shown that grass competition could
reduce growth and survival of woody plant seedlings
in a grass dominant environment (Iponga et al. 2005).
However, given that winters are dry and grasses
generally dormant in winter, the competition hypoth-
esis seems less plausible than the facilitation
hypothesis in explaining mortality patterns. Because
this experiment did not measure competition and
physical factors directly, it is not clear which one of
those may have the more negative effect on seedling
performance in the open areas.
The effect of large herbivores
The results showed that seedlings exposed to large
herbivores were significantly shorter than those
protected from large herbivores for both soil types,
beneath tree canopies and in the open, and that this
effect was more marked on fine-textured soils and
beneath tree canopies. Herbivores are well known to
reduce seedling performance and cause plant mortal-
ity (Pitt et al. 1998; Iponga et al. 2005). Seedlings
exposed to large herbivores experience more tram-
pling and browsing damage in the shade, because
those microsites are preferentially used by large
herbivores for resting and browsing food (Belsky
et al. 1989; Dean et al. 1999). However, it was not
possible to tell which species of herbivores caused
more damage to S. molle seedling.
Seedlings in the open areas exposed to or protected
from large herbivores did not differ significantly in
size. The reason is probably that herbivore damage was
obscured by other sources of variation among seedlings
such as frosting caused by lower temperature during
winter season, or drought in summer. The ability of
introduced plants to establish and spread may depend
not only on the structure of the resident biotic commu-
nity, but also the local abiotic conditions or their joint
effects (Mitchell et al. 2003; DeWalt et al. 2004). These
results contrast with several studies that have indicated
a positive relationship between grazing intensity and
degree of invasion in grassy woodland systems (Prober
and Thiele 1995; Abensperg-traun et al. 1998) and
have suggested that removal of stock is a common
management approach for reducing the rate of invasion
in those ecosystems (Elix and Lambert 1997). Higher
densities of large game on the clay substrate may have
contributed to lower seedling performance, which, in
turn, may have contributed to lower the risk of S. molle
invasion in those areas. This again indicates that
herbivores can exert considerable control over S. molle
seedling performance beneath tree canopy.
How do substrate textures affect seedling
performance?
Particle size and organic matter content in the soil,
affects water holding capacity, aeration, resistance to
Table 7 Descriptive statistics of survival analysis for each
group





Clay soil 42 70.00 18 30.00 60
Sandy soil 41 68.33 19 31.67 60
Open area 60 100.00 0 0.00 60
Sub-canopy 23 38.33 37 61.67 60
No herbivory 40 66.67 20 33.33 60
Herbivory 43 71.67 17 28.33 60
Clay soil vs. sandy soil (P = 0.08; z = -1.74); Open
grassland vs. tree sub-canopy (P \ 0.001; z = -6.73);
Herbivores vs. No herbivores (P \ 0.05; z = 2.81)
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root penetration, and nutrient availability (Freitas and
Mooney 1996; Reich et al. 1997), all of which have
been shown to influence seedling survival (Peters
2004). Sandy substrates in the semi-arid and arid
parts of South Africa are nutrient poor relative to
finer-textured soils (Milton et al. 1992). Soil phos-
phorous and other nutrients adhere to clay particles
and are less mobile in clay than in sand (Allcock
2002). Nutrient-enriched patches beneath trees would
therefore be more persistent on clay than on sand, and
possibly more prone to alien invasion for this reason
(Vinton and Burke 1995).
Moreover, S. molle is probably sensitive to water
availability at the establishment stage, and fine-
texture soils have better water-holding capacity than
coarse sandy soil (Nambiar 1979; Gordon et al 1989;
Freitas and Mooney 1996; Reich et al. 1997). The
ability of newly planted seedlings to perform well can
be related to their water status (Mana-Petite and
Muñoz-Rueda 2005). The rainfall in Kimberley area
is extremely variable, both in time and in spatial
distribution; it usually peaks in the late summer
months with March and April being the wettest
months (South African Weather Bureau 2007). There
is a distinct arid period during winter and humid
period during summer months. The sudden drop of
seedling performance observed in winter in the open
area during this experiment could be associated to
post planting water and nutrient stress due to the lack
of water in winter; which may cause lack of
continuity between soil and roots immediately after
planting, and increase the time needed to produce
adequate amounts of new roots to resume water and
nutrients uptake. Grossnickle (2000) found that, until
the root system has grown sufficiently to offset
transpiration loss with water uptake, seedlings may
continue to suffer water stress and exhibit high
mortality rates.
Interaction effects
Significant three-way interactions between soil types,
microsite and herbivory effect were found for
heights, but not canopy areas, of seedlings. This
significant three-way interaction was probably due to
the interaction between microsite and herbivory
effect on seedling performance, where seedlings in
the clay soil experience more herbivory damage than
the sandy soil for seedlings beneath of tree canopies.
This suggested that seasonal and inter-annual fluctu-
ations in physical conditions may influence seedling
performance in semi-arid savanna. Tree recruitment
in semi-arid savannas occurs in occasional favourable
spells (Higgins et al. 2000; Jeltsch et al. 2000) that
maintain tree populations in environments generally
unfavourable for seedling establishment and survival,
but favourable for adult plants.
Large Acacia trees in semi-arid savanna are focal
points for animal activity (Dean et al. 1999; Radford
et al. 2001) because they supply nest sites for birds,
shade and food resources for animals. Soil beneath
trees is enriched by fallen nests, bird droppings and
dung deposition by large herbivores, (Dean et al.
1999), so that plants growing beneath tree canopies are
often more nutritious than plants in surrounding habitat
(Belsky et al. 1993). Productive, nutritious plants tend
to attract more herbivorous animals to patches near
trees, reinforcing nutrient enrichment in those areas,
but may also cause seedling mortality indirectly due to
trampling effects. Our results support the notion that
large trees may elevate plant nutrient concentrations
beneath their canopies improving productivity of sub-
canopy plants, a phenomenon reported in other African
savannas (Roos and Alsopp 1997).
Survival
Although there was a considerable variation of
seedling survival across treatment and sites after
transplanting of S. molle seedlings, survival was
always higher for seedlings in tree sub-canopy micro-
sites than those in the open habitats for both soil types.
Large A. tortilis trees appear to have the greatest
influence on S. molle survival in semi-arid savannas
with frosty winters, and thus facilitate the invasion of
this species into savanna. It is therefore unlikely that S.
molle will invade treeless ecosystems or habitats that
are subject to frost and drought. However, manage-
ment-induced bush thickening or invasion of these
savannas by trees (such as Prosopis sp.) that establish
in open microsites could promote S. molle invasion in
grassland (Siemann and Rogers 2003).
Conclusion
This study demonstrated that the control of invasion
of S. molle in semi-arid savannas is complex and may
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simultaneously depend on multiple biotic and abiotic
variables. The results show that height and canopy
area decreased in the winter in the open areas but not
under trees canopies and that herbivory caused height
and canopy area reductions beneath tree canopies but
not in the open area where all seedlings died. Soil
type did not affect these general patterns. We
conclude that physical factors (probably frost) dam-
age seedlings in the open, whereas biotic factors
(probably herbivory) damage seedlings beneath can-
opies. Under the current climate and vegetation, no
recruitment of S. molle is likely to occur in open areas
in semi-arid savannas at altitudes of 1,000 m or more
above sea level. The possibility of S. molle plants
being facilitated by tree canopies in semi-arid
savanna has to be taken into consideration when
assessing the probability for further invasion. Our
study also indicated that large herbivores could
control the distribution of this species and that S.
molle is less likely to spread on sandy substrates.
However, before using these results to make any
inferences to management of the species as an
invader, it is important to note that our experiment
tested individual performance, and thus there can
only be limited interference to population-level
response.
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